INTRODUCTION {#SEC1}
============

The repair of damaged DNA is necessary to preserve genome integrity, and the damaged DNA bases are eliminated with the base-excision repair (BER) enzymes ([@B1]--[@B5]). The excision of the damaged base and scission of the DNA strand that involves abasic site are operated by bi-functional BER enzymes within the glycosylase and subsequent β-lyase reaction, respectively ([@B6]). The excision of the corrupted DNA base is the first irreversible step of the repair pathway that is initiated upon formation of the enzyme--DNA complex involving structural rearrangement of the corrupted DNA strand (Figure [1A](#F1){ref-type="fig"}) ([@B7]--[@B9]).

![The hOGG1 BER enzyme. Sketch of the QM/MM structural model including hOGG1 (cyan) and oxoG-containing DNA (red) that was derived from the 2NOZ ([@B33]) crystal structure (**A**). The chemical structure of guanine (G), oxoG, Lys249 and Asp268 in WT hOGG1 and Asn268 in the hOGG1(D268N) mutant (**B**). Detail of the catalytic core before oxoG excision in 2NOZ (yellow) and in the QM/MM-optimized reactant (atom colored) (**C**). Detail of the catalytic core including Lys249-ribose covalent adduct with opened ring of sugar in the 1HU0 ([@B34]) crystal (yellow) and in the QM/MM-calculated reaction product (stationary state P+1) describing the Schiff base (atom colored) (**D**).](gkx157fig1){#F1}

The primary factor leading to accumulation of DNA mutations is oxidative stress. oxoG, which arises from oxidatively damaged guanine (G) belongs to the most abundant and most dangerous DNA lesions (Figure [1B](#F1){ref-type="fig"}) ([@B10]--[@B12]). oxoG induces serious defects to organisms, and its continuous removal is crucial for the elimination of unwanted consequences of basal respiratory processes that normally occur in cells ([@B13]). By contrast, the controlled shutoff of oxoG repair in cancer cells is assumed to be remedial in advanced anticancer therapies ([@B14]).

The glycosylase reaction operated by BER enzymes requires activation to surmount the energy barrier for cleavage of the N-glycosidic bond. The supply of up to 19 kcal/mol accelerates the bond cleavage 10^14^-fold ([@B4]). All of the BER enzymes are typically lesion-specific which is particularly true for the hOGG1, which operates against oxoG with astonishing specificity ([@B15]--[@B28]). Misbehavior of hOGG1 most likely cannot occur, as a catalytic checkpoint prevents even scission of G forcibly inserted into the catalytic site ([@B29]). The insertion of oxoG into the catalytic site occurs much faster than the subsequent rearrangement of catalytic core ([@B30]). An inhibitor of hOGG1 that can mimic true substrates thus could become a therapeutic agent against certain types of cancer ([@B31]).

The structure of the hOGG1 catalytic core was disclosed by Verdine\'s group. First, they revealed the mechanistic basis for recognition and excision of oxoG using the inactive hOGG1(K249Q) mutant, where the Lys249 was substituted with Gln ([@B8]). Later, they demonstrated that Asp268 is another principal catalytic residue using the hOGG1(D268N) mutant where the Asp268 was substituted with Asn (Figure [1B](#F1){ref-type="fig"}) ([@B32]). These results led us to the focus on Lys249 and Asp268 in our work. Gly42, depicted also in the Figure [1B](#F1){ref-type="fig"}, is presumably responsible for recognition and proper deposition of oxoG within the catalytic core by the force of a hydrogen bond with H7(oxoG) ([@B29]).

The structure of the hOGG1 catalytic core, just before oxoG excision, was captured in the 2NOZ crystal (Figure [1C](#F1){ref-type="fig"}). Several glycosylase reaction mechanisms were assumed for different protonation states of Asp268 and Lys249 because the actual forms are currently unknown. CO~2~^−^(Asp268) was assumed to ensure electrostatic stabilization of the oxocarbenium cation on ribose during rupture of the N-glycosidic bond, as the mutation of Asp268 to Asn notably suppressed function of the hOGG1(D268N) mutant ([@B32],[@B35]). As for Lys249, similar closeness of the Nε nitrogen to N3, N9 and C1΄ atoms of oxoG (Figure [1B](#F1){ref-type="fig"}), observed in the crystals, indicated a variety of base-excision reactions. NH~3~^+^(Lys249) could stabilize the negative charge on the leaving oxoG base, whereas NH~2~(Lys249) could stabilize the oxocarbenium cation on sugar. The respective base-excision reactions had actually been assumed ([@B6],[@B23],[@B32],[@B34],[@B36],[@B37]). The mutation of Lys249 to Cys or Gln caused a loss of catalytic function of the bi-functional hOGG1 ([@B8],[@B34],[@B37]). Lys249 forms a Schiff base with the ribose of abasic site after oxoG excision ([@B8]). The Lys249-ribose covalent adduct, generated from the Schiff base upon the addition of a reducing agent, was captured in the 1HU0 crystal ([@B34]). Importantly, the geometries of the reactant and the product captured in the crystals can be used for reliable theoretical modeling of the glycosylase reaction (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}).

Compensation for the developing charges within a molecule of substrate by principal catalytic residues is a typical enzyme strategy ([@B38]). This general strategy was considered in theoretical calculations of the base-excision reactions operated by hOGG1 in a number of studies. The effect of NH~2~(Lys249) on the oxocarbenium cation of ribose was compared with the effects of other nucleophiles ([@B39],[@B40]). The cascade migration of the proton from NH~3~^+^(Lys249) to O8(oxoG) and then to O4΄ of ribose activated the opening of the ribose ring and excision of the oxoG base ([@B41]). The synchronous attack of NH~2~(Lys249) to C1΄(ribose) and CO~2~H(Asp268) to O4΄(ribose) resulted in an opened ring of the oxoG ribose and subsequent excision of the oxoG base (the Ribose-protonated mechanism) ([@B42]). A similar mechanism was proposed for the opening of the sugar ring of a substrate nucleoside with endonuclease III-DNA ([@B43]). The π--cation interaction between the aromatic ring of the oxoG base and NH~3~^+^(Lys249) initiated proton transfer from NH~3~^+^(Lys249) to N3(oxoG), which activated the base-excision reaction ([@B44],[@B45]). Lastly, the abstraction of the proton from NH~3~^+^(Lys249) with the N9(oxoG) atom triggered substitution of the N-glycosidic bond of oxoG with the N9-H bond in a concerted synchronous manner (the σ-bond substitution mechanism) ([@B46]).

The previous studies clearly demonstrate the principal effect of Lys249 and Asp268 on the catalytic function of hOGG1. As mentioned, protonation states of the two residues are presently unknown, and the function of these residues during the glycosylase reaction is therefore obscure. Nevertheless, typical pKa values for the Lys and Asp side-chains implicate likely NH~3~^+^(Lys249) and CO~2~^−^(Asp268) forms ([@B47]). Under this assumption, Lys249 presumably compensates for the negative charge on the leaving oxoG base and Asp268 compensates for the incipient charge on the ribose oxocarbenium. The σ-bond substitution reaction that complies with these assumptions was proposed previously, assuming only the effect of Lys249 ([@B46]). In the current work, the base-excision reaction with hOGG1 will be illustrated within a complete catalytic core by employing the QM/MM calculation method. The function of Asp268 will be particularly addressed. The Asp residue is known to be well-conserved with within the OGG family of BER enzymes; however, the function is still not clear ([@B4]). The nuclear magnetic resonance (NMR) measurements employing WT hOGG1 and the hOGG1(D268N) mutant in this work determined which of the functions of the bi-functional hOGG1 is actually affected by the D268N mutation. The NMR experiments and QM/MM calculations provided a coherent picture of the base-excision reaction within the glycosylase reaction operated by the hOGG1 BER enzyme.

MATERIALS AND METHODS {#SEC2}
=====================

Experimental {#SEC2-1}
------------

### The expression of WT hOGG1 and hOGG1(D268N) {#SEC2-1-1}

The cDNA encoding hOGG1 (12--327) was cloned into the multiple cloning site of pET47b vector (Novagen) and the D268N mutation was introduced by polymerase chain reaction. The resulting plasmids were used to transform *Escherichia coli* Rosetta (DE3) cells (Novagen), which were then grown in Luria Bertani (LB) medium until the cell suspension reached the appropriate turbidity. Chimeric proteins comprising His~6~-tag fused to the N-terminus of hOGG1 or its mutants were then overexpressed by the addition of 1 mM isopropyl 1-thio-β-D-galactopyranoside for 24 h at 16°C, after which the cells were harvested by centrifugation. The overexpressed His~6~-tagged hOGG1 proteins were initially purified by affinity chromatography using Ni-NTA resin (QIAGEN). After enzymatic cleavage of the His~6~-tag from target proteins using GST-HRV 3C protease, the hOGG1 and mutant proteins were further purified by size exclusion column chromatography using Superdex 75 (GE Healthcare).

### The preparation of oxoG-containing DNA duplex {#SEC2-1-2}

The DNA oligomers were synthesized and purified, based on established methods ([@B48]--[@B51]). Reagent for incorporation of oxoG nuleoside into a DNA oligomer was purchased from Glen Research (8-oxo-dG-CE Phosphoramidite, \# 10-1028-02). The sequences of the DNA oligomers were as follows: Strand-1: 5΄ d\[GGCTTCATCGTTATT(oxoG)ATGACCTGGTGGATACCG\] 3΄Strand-2: 5΄ d\[CGGTATCCACCAGGTCATCAATAACGATGAAGCC\] 3΄

where (oxoG) represents the oxoG residue. These two strands were mixed at 1:1 ration to form the oxoG-containing DNA duplex.

### The in vitro assay of hOGG1 catalytic activity {#SEC2-1-3}

*In* *vitro* assays of WT and D268N mutant hOGG1 were performed under the solution containing 50 mM Tris--HCl (pH7.4), 50 mM NaCl, 2 mM ethylenediaminetetraacetic acid, 100 mg/ml bovine serum albumin, 3.33 μM hOGG1 protein and 1.67 μM DNA oligomer. Time-course of the reaction was traced at 0, 10, 30, 60 and 120 min. The result analyzed by using the 20% denaturing polyacrylamide gelelectrophoresis (PAGE) (acrylamide:N,N΄-methylenebis(acrylamide) = 19:1) containing 8 M urea was visualized with SYBR Gold (Invitrogen).

### The NMR measurements and monitoring of time-course of hOGG1 catalysis {#SEC2-1-4}

A total of 40 μM of the protein, WT hOGG1 or hOGG1(D268N) mutant, was mixed with 0.5 mM oxoG-containing DNA duplex in a buffer of 50 mM Tris(-D11)--HCl (pH 7.5), 100 mM NaCl and 1 mM dithiothreitol. The DNA solution in the absence of protein contained 0.5 mM oxoG-containing DNA duplex in a buffer of 50 mM Tris(-D11)--HCl (pH 7.5), 100 mM NaCl and 1 mM dithiothreitol. The ^1^H NMR monitoring of catalytic reaction was carried out with Bruker Ascend 500 MHz spectrometer at 293 K. For each spectrum, 1024 scans were accumulated, resulting in experimental time of 1 h. The measurement was repeated 20 times to obtain the time course of hOGG1 catalysis.

### The HSQC NMR measurements of hOGG1 and hOGG1(D268N) {#SEC2-1-5}

The solution for ^1^H-^15^N heteronuclear single quantum correlation (HSQC) spectrum contained 150 μM uniformly ^15^N-labeled hOGG1 WT or D268N, 20 mM sodium phosphate (pH 6.8) and 50 mM NaCl. The ^1^H-^15^N HSQC spectra were measured using a Bruker Avance-III HD 600 MHz spectrometer equipped with a cryogenic probe at 298 K.

The QM/MM calculations {#SEC2-2}
----------------------

The structural model was derived from the 2NOZ X-ray structure keeping explicit hydration of the catalytic core ([@B33]). The M06-2X ([@B52]) DFT functional with 6--31G(d,p) basis set ([@B53]) and OPLS2005 all-atom force field ([@B54]) were used for calculations of QM and MM parts, respectively. The Jaguar 8.2 ([@B55],[@B56]) (QM part), Impact 6.1 ([@B57]) (MM part) and QSite 6.1 ([@B58],[@B59]) calculation programs were employed in QM/MM calculations. The Fukui function, F^2^, describing the electrophilic or nucleophilic character of atoms was calculated with QSite ([@B60]--[@B62]). The QM part included oxoG, Lys249 and Asp268 (65 atoms), and in some calculations also Gly42 (74 atoms excluding the hydrogen-atom caps in total). The intermediate states along the catalytic reaction were calculated as geometrical scans of respective reaction coordinates followed by subsequent unconstrained geometrical optimizations. The transition states were calculated by employing the Quadratic Synchronous Transit method. Validity of all the stationary states was checked with the vibration frequency calculation. The electrostatic and steric effects on the QM part were described by explicit protein--DNA environment within the MM part. The Gibbs free energies included the harmonic vibration corrections (*T* = 298.15 K and *P* = 101325 Pa) calculated for the QM part ended by hydrogen-atom caps. Detailed descriptions of the structural model and QM/MM calculations can be found in the [Supporting Theoretical Section](#sup1){ref-type="supplementary-material"} in the Supporting Information.

RESULTS {#SEC3}
=======

The QM/MM calculation of the glycosylase reaction with hOGG1 {#SEC3-1}
------------------------------------------------------------

Lys249 and Asp268 are apparently directly involved in the catalytic reaction because their mutation considerably affected the function of hOGG1 ([@B8],[@B32],[@B34],[@B35],[@B37]). The protonation states of the two residues basically define their roles during the removal of the oxoG base. The typical pKa values of the Lys and Asp side-chain residue are 10.4 and 3.9, respectively ([@B47]). Similar pKa values were also calculated for Lys249 and Asp268 in both the original and geometry-optimized 2NOZ structure ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). These pKa values implicate the prevalence of the NH~3~^+^(Lys249) and CO~2~^−^(Asp268) forms that are prerequisites for the σ-bond substitution base-excision reaction ([@B46]).

The 2NOZ crystal structure unveiled the geometry of the hOGG1 catalytic core just before oxoG excision ([@B33]). The corrupted DNA base was found to be extruded out of the DNA duplex and deposited within the catalytic site (Figure [1A](#F1){ref-type="fig"}). The QM/MM geometry optimization of 2NOZ preserved mutual positioning of Lys249 and oxoG; however, the carboxylate group of Asp268 rotated and departed little from oxoG (Figure [1C](#F1){ref-type="fig"}). In fact, similar conformations of Asp268 in available X-ray structures illustrated flexibility of the residue within the catalytic site ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

The initial attack of lone-pair electrons at the N9(oxoG) to the ammonium NεH~3~^+^ group of Lys249 triggers the σ-bond substitution reaction ([@B46]). The distance between the N9(oxoG) and Nε(Lys249) atoms in 2NOZ and in the QM/MM-optimized reactant was 3.027 and 2.969 Å, respectively. The attack of lone-pair electrons from N9(oxoG) to NH~3~^+^(Lys249) induced pyramidal geometry of the N9 atom (κ΄ = 21.7°, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The N9-pyramidalization of oxoG was clearly induced by residues within the catalytic core, because the geometry of the N9 atom of the free non-interacting oxoG nucleoside is planar (κ΄ = 0°) ([@B63]). The distorted oxoG substrate calculated for the reactant state was thus oriented into a productive arrangement, with respect to initiation of the σ-bond substitution reaction.

The elongation of the N-glycosidic bond of the oxoG nucleoside resulted in the spontaneous transfer of a proton from NH~3~^+^(Lys249) to N9(oxoG); the C1΄--N9 bond was readily substituted with a H--N9 bond (TS1 and IS1 stationary states, Figure [2](#F2){ref-type="fig"}). The Gibbs free activation energy, ΔG^\#^, calculated for oxoG excision was 16.1 kcal/mol and the Gibbs free reaction energy ΔG~R~ was 6.3 kcal/mol (Figure [3](#F3){ref-type="fig"}). Stability of the Gibbs free energies with respect to explicit hydration was demonstrated for the R, TS1 and IS1 states. Complete explicit hydration of the catalytic site was developed on top of already included x-ray resolved hydration in the 2NOZ ([Supplementary Data](#sup1){ref-type="supplementary-material"}, Structural Model, [Supplementary Tables S2--4](#sup1){ref-type="supplementary-material"}). The ΔG^\#^ and ΔG~R~ calculated for OxoG excision with the hydrated 2NOZ structural model was 15.9 and 5.5 kcal/mol, respectively. After rearrangement of the cleaved oxoG base (TS2), calculations continued towards the Schiff base where the Lys249--ribose covalent adduct formally involves the Nε--C1΄ double bond. First, the Lys249--ribose adduct involving the Nε−C1΄ single bond was calculated, upon shortening the C1΄-Nε distance (TS3, ΔG^\#^ = 16.2 kcal/mol). Only here, NH~2~(Lys249) acted on the ribose oxocarbenium as nucleophile as was already assumed in the unified catalytic mechanism for DNA glycosylases by Llyod ([@B6]). Then, the proton at Nε(Lys249) was abstracted with CO~2~^−^(Asp268) (TS4) and transferred to the N3(oxoG) atom (TS5). Though nipped, the protonated oxoG base further worked as an enzyme cofactor and activated the opening of the ribose ring that resulted in formation of the Schiff base, as was previously proposed by Verdine ([@B34]) and calculated by Garavelli ([@B45]). The opening of the ribose ring was activated by the hydrogen bond between the H9(oxoG) and O4΄(ribose) atoms (TS6, ΔG^\#^ = 17.7 kcal/mol). The proton at N9(oxoG) spontaneously transferred to O4΄(ribose) while the ring of ribose was opened. The transfer of the proton from N3(oxoG) to CO~2~^−^(Asp268) (TS7) resulted in the spontaneous transfer of a proton from the Nε atom of the Schiff base to N9(oxoG), which stabilized the product, P (ΔG~R~ = −14.7 kcal/mol). The C1΄-Nε bond in P was formally a double bond (C1΄-Nε = 1.265 Å), whereas that in the 1HU0 crystal was a single bond owing to the borohydrate additive (C1΄-Nε = 1.459 Å) ([@B34]). Moreover, the distance between O4΄(ribose) and the O atom of CO~2~^−^(Asp268) calculated for the P (3.188 Å) was longer than the distance in 1HU0 (2.863 Å). The respective rearrangement of the catalytic core that complied better with 1HU0 \[O4΄(ribose)-O(Asp268) = 2.698 Å\] resulted in further stabilization of the product, P+1 (ΔG~R~ = −10.8 kcal/mol). The geometry of P+1 was consistent with the geometry in 1HU0 (Figure [1D](#F1){ref-type="fig"}). The QM/MM reaction pathway linked two principal states of the glycosylase reaction captured in the 2NOZ and 1HU0 crystals.The rate-limiting step of the calculated glycosylase reaction was the formation of the Schiff base (TS6 and Figure [3](#F3){ref-type="fig"}). The formation of the Lys249--ribose covalent adduct (TS3) and the excision of the oxoG base (TS1) were similarly demanding. The Gibbs free activation energy, Gibbs free enthalpy and entropy calculated for the base excision were 16.1, 15.8 and −0.9 cal/K.mol, respectively. The calculated thermodynamic parameters associated with TS3 and TS6 states were similar: ΔG^\#^ = 16.2 kcal/mol, ΔH^\#^ = 15.6 kcal/mol, ΔS^\#^ = −2.1 cal/K mol and ΔG^\#^ = 17.7 kcal/mol, ΔH^\#^ = 17.0 kcal/mol, ΔS^\#^ = −2.4 cal/K mol ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). The activation energy, activation enthalpy and entropy measured for the glycosylase reaction with hOGG1 were 19.6, 18.6 kcal/mol and −3.5 cal/K mol, respectively ([@B64]). The QM/MM-calculated and measured thermodynamic parameters agreed well, which indicated the plausibility of the calculated reaction. The initial attack of the lone-pair from N9(oxoG) to NH~3~^+^(Lys249) was critical for the base-excision reaction. The N9(oxoG)•••H^+^(Lys249) interaction was induced and energy-stabilized, mostly owing to the favorable arrangement of Lys249 within the catalytic core ([@B63]). The capacity of the glycosidic nitrogen N9 for accepting a proton from NH~3~^+^(Lys249) was conclusive for accelerating the oxoG excision. Nucleophilic character of the N9(oxoG) atom in the course of rupturing the N-glycosidic bond was illustrated with the Fukui function F^2^. Nucleophilicity of the N9(oxoG) atom increased with elongation of the N9-C1΄ bond up to the TS1 state, which illustrated an increasing need for compensation of the negative charge on the oxoG base ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). By contrast, the character of the C1΄(ribose) atom was electro-neutral and it switched abruptly to electrophilic only when the N9-C1΄ bond ruptured ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). The transfer of the proton from NH~3~^+^(Lys249) to N9(oxoG) was thus gradually enhanced during rupture of the C1΄-N9 bond while the saturation of ribose oxocarbenium became critical only when the N-glycosidic bond ruptured.

![The local geometries of the catalytic core calculated for stationary states of the glycosylase reaction operated by hOGG1. The interatomic distances are in Å.](gkx157fig2){#F2}

![The chemical diagram (**A**) and free-energy profile (**B**) of the QM/MM-calculated glycosylase reaction with hOGG1. The Gibbs free energy profile included the following reaction steps: excision of the oxoG base (TS1), rearrangement of the catalytic core (TS2), formation of the Lys249--ribose covalent adduct (TS3), deprotonation of the Lys249--ribose adduct with CO~2~^−^(Asp268) (TS4), N3-protonation of the oxoG base (TS5), formation of the protonated Schiff base via opening of ribose ring of the Lys249--ribose adduct (TS6), deprotonation of the Schiff base via double proton transfer that resulted in product P (TS7) and rearrangement of the catalytic core particularly involving CO~2~H(Asp268) (P+1). The Gibbs free activation and reaction energies in the parenthesis were referenced to the energies of the previous contiguous intermediate state.](gkx157fig3){#F3}

The formation of a protonated Schiff base via opening of the ribose ring within the Lys249--ribose adduct (TS6) was the rate-limiting step of the calculated reaction (Figure [3](#F3){ref-type="fig"}). The opening of the ribose ring of the oxoG nucleoside was also the rate-limiting step of the Ribose-protonated base-excision mechanism that assumes the NH~2~(Lys249) and CO~2~H(Asp268) forms of the key catalytic residues ([@B42]). In the same work, the Ribose-protonated mechanism was compared with the N9-protonated mechanism that was mistakenly associated with the σ-bond substitution mechanism. In the concrete, the opening of the ribose ring by the force of CO~2~H(Asp268) prior to excision of the oxoG base was con concluded to be the optimal catalytic strategy with hOGG1 ([@B42]). The Ribose-protonated mechanism was therefore compared with the true σ-bond substitution mechanism, and it was concluded that the plausibility of the true σ-bond substitution mechanism cannot be judged with calculations of the N9-protonated mechanism in Ref. ([@B42]), and the Ribose-protonated mechanism is unlikely (ΔG^\#^ = 42.2 kcal/mol). The details can be found in the [Supporting Theoretical Section](#sup1){ref-type="supplementary-material"}.

^1^H NMR monitoring of oxoG excision with WT hOGG1 and hOGG1(D268N) {#SEC3-2}
-------------------------------------------------------------------

The mutation of Asp268 to Asn corrupted the function of hOGG1 ([@B32]). The compensation of the developing charge at ribose oxocarbenium with Asn268 would be smaller compared to the effect of CO~2~^−^(Asp268) (Figure [1B](#F1){ref-type="fig"}). This assumption might explain the measured dysfunction of the hOGG1(D268N) mutant; however, the effect of Asn268 has not been explained. In particular, it remained unclear whether the glycosylase or subsequent β-lyase reaction was affected by the D268N mutation. This issue was resolved with the ^1^H NMR spectroscopy monitoring of the catalytic activities of WT hOGG1 and the hOGG1(D268N) mutant.

At first, the catalytic activity of WT hOGG1 involving both the glycosylase and β-lyase reaction was examined based on the concept outlined in Figure [4A](#F4){ref-type="fig"}. The reaction yield employing WT hOGG1 was analyzed using a denaturing PAGE that demonstrated cleavage of the oxoG-containing DNA with the reaction products detected at the bottom (Figure [4B](#F4){ref-type="fig"}). By contrast, the activity of hOGG1(D268N) was not detected. Hence, the catalytic reaction with hOGG1(D268N) was blocked as was described already in Ref. ([@B32]). However, the experiment did not determine whether the glycosylase or β-lyase reaction was inhibited owing to the D268N mutation.The glycosylase reaction was therefore monitored with ^1^H NMR spectroscopy. The oxoG-specific H7 NMR signal in the oxoG-containing DNA duplex at 10 ppm was used as a marker of the reaction. The H7 signal was gradually reduced when WT hOGG1 was added, and after 20 h, it disappeared entirely owing to precipitation of the cleaved oxoG base (Figure [5B](#F5){ref-type="fig"}). By contrast, the H7 signal remained unaffected when hOGG1(D268N) was added, which clearly demonstrated loss of the base-excision function within glycosylase activity (Figure [5C](#F5){ref-type="fig"}). The non-enzymatic cleavage of oxoG did not occur (Figure [5D](#F5){ref-type="fig"}). The HSQC NMR spectra of hOGG1(D268N) and WT hOGG1 demonstrated the same folding for the two proteins ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Loss of the base-excision function for hOGG1(D268N) therefore occurred because of the D268N mutation.

![The catalytic function of WT hOGG1 and hOGG1(D268N). Concept of the assay for monitoring the enzymatic activity (**A**). Denaturing PAGE of the DNA duplex after processing with WT hOGG1 and hOGG1(D268N) (**B**). Details can be found in the [Supporting Experimental Section](#sup1){ref-type="supplementary-material"}.](gkx157fig4){#F4}

![^1^H NMR monitoring of the base-excision reaction with WT hOGG1 and hOGG1(D268N) mutant. The glycosylase reaction for oxoG-containing DNA duplex was monitored with the ^1^H NMR signal of the H7 proton of oxoG (red) at 10 ppm (**A**). ^1^H NMR spectra in the presence of WT hOGG1 (**B**). ^1^H NMR spectra in the presence of hOGG1(D268N) mutant (**C**). ^1^H NMR spectra of the oxoG-containing DNA duplex only (**D**). Time course of the measurements in hours.](gkx157fig5){#F5}

QM/MM calculations of oxoG excision with hOGG1(D268N) mutant {#SEC3-3}
------------------------------------------------------------

The optimized geometry of hOGG1(D268N) was similar to the geometry of WT hOGG1. The attack of lone pair electrons from N9(oxoG) to NH~3~^+^(Lys249) resulted in N9-pyramidalization of oxoG ([Supplementary Table S9](#sup1){ref-type="supplementary-material"}). However, the initial activation of the N-glycosidic bond was likely less effective. The C1΄-N9 bond length was 1.469 Å, whereas that of WT hOGG1 was 1.493 Å. For protonated Asp268, the C1΄-N9 bond length was 1.465 Å. The neutral charge of residue Asn268 thus affected the oxoG reactant unfavorably. The dependence of energy on the C1΄-N9 distance further illustrated the effect of the charge of residue 268 on the activation energy of base-excision reaction ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The energy maxima for hOGG1(D268N) and hOGG1(CO~2~H(Asp268)) were even larger than the energy maximum for the S~N~1 mechanism where protonation of the departing base could not occur owing to the NH~2~(Lys249) form. The ΔG^\#^ energy for oxoG excision with hOGG1(D268N) and hOGG1(CO~2~H(Asp268)) was 28.7 and 26.9 kcal/mol, respectively. The effect of the CO~2~^−^(Asp268) carboxyl group on oxoG excision is clearly critical.

The electronic states of the N9 and C1΄ atoms during oxoG excision were illustrated with F^2^(N9) and F^2^(C1΄) Fukui indices. For WT hOGG1, nucleophilicity of the N9(oxoG) atom developed up to the TS1 state, whereas for hOGG1(D268N), the nucleophilic character of N9(oxoG) flipped to electrophilic long before TS1 ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The ability of the N9(oxoG) atom to accept the proton from NH~3~^+^(Lys249) was thus notably reduced by the D268N mutation. Both the mutation of Asp268 to Asn and protonation of Asp268 resulted more likely in an S~N~1-like type of base-excision reaction (unsaturated leaving oxoG anion) despite favorable positioning and close proximity of NH~3~^+^(Lys249). The effects of CO~2~^−^(Asp268) and NH~3~^+^(Lys249) are therefore conjugated. CO~2~^−^(Asp268) compensates for the gradually vanishing C1΄-N9 bond, while the Lys249 donates a proton at the most critical N9 atom of the departing oxoG base.

The principal effect of Asp268 on transfer of the proton from NH~3~^+^(Lys249) to N9(oxoG) was illustrated with the two-dimensional (2D) potential energy surfaces describing oxoG excision with WT hOGG1 and hOGG1(D268N) (Figure [6](#F6){ref-type="fig"}). The σ-bond substitution reaction with WT hOGG1 was associated with the lowest energy barrier on the 2D surface that connected the reactant with the IS1 stationary state (Figure [6A](#F6){ref-type="fig"}). The excision of the oxoG base, where the transfer of the proton from NH~3~^+^(Lys249) to N9(oxoG) was blocked (the S~N~1-like reaction), proceeded via a larger activation barrier that was similar to the activation barrier of the S~N~1 reaction mechanism calculated with NH~2~(Lys249) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The low-energy area within the 2D potential surface indicated with the arrow for the S~N~1-like reaction could include a stable reaction intermediate; however, optimization of the grid point geometry with the lowest energy within that area (C1΄-N9 = 2.30 Å, N9-H = 1.75 Å) without the geometric constraints resulted in an optimized reactant. Notable activation energies and unstable reaction products for the S~N~1 reaction were also calculated previously ([@B44],[@B45]). A lack of compensation of the negative charge on the departing oxoG base thus adversely affects both the activation barrier of base excision and stabilization of the reaction product. The mutation of Asp268 to Asn affected the 2D potential significantly (Figure [6B](#F6){ref-type="fig"}). The excision of the oxoG base with hOGG1(D268N) was practically precluded irrespective of whether the leaving oxoG base was protonated with Lys249. The effect of CO~2~^−^(Asp268) was therefore imperative for preserving the base-excision function of hOGG1.

![The QM/MM-calculated two-dimensional potential energy surfaces for excision of the oxoG base with WT hOGG1 (**A**) and hOGG1(D268N) mutant (**B**). The relative energies, with respect to the energy of reactant in kcal/mol, are indicated with different colors, as depicted in the right-upper box. N9-H is the distance between the N9(oxoG) atom and the interacting proton of NH~3~^+^(Lys249) group. C1΄-N9 is the length of the N-glycosidic bond of oxoG. The relative energies were calculated employing the 0.1 × 0.1 Å geometric grid. Putative flow of the base-excision reactions discussed in the main text is indicated with arrows.](gkx157fig6){#F6}

DISCUSSION {#SEC4}
==========

The QM/MM-calculated reaction pathway connected the reactant of the glycosylase reaction closely before oxoG excision that was captured in the 2NOZ crystal with the reaction product that was captured in the 1HU0 crystal (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). The geometry of the reduced form of the Schiff base in the 1HU0 crystal was similar to the QM/MM-calculated geometry of the Schiff base. The excision of the oxoG base, formation of the Lys249--ribose adduct and formation of the Schiff base were similarly demanding reaction steps (Figure [3](#F3){ref-type="fig"}). The formation of the Schiff base was nevertheless the rate-limiting step of the calculated glycosylase reaction. Stabilization of the excised oxoG base was calculated only after formation of the Lys249--ribose adduct. The glycosylase reaction was definitely stabilized by opening the ring of the Lys249--ribose covalent intermediate, that is, by formation of the Schiff base. The calculated ΔG^\#^ energies for the three reaction steps agreed with measured activation energies for the glycosylase reaction (Table [1](#tbl1){ref-type="table"}). The calculated glycosylase reaction is therefore reliable with regard to Gibbs free energies and structures of the reactant and reaction product.

###### The Gibbs free activation energies in kcal/mol for the key steps of glycosylase reaction with WT hOGG1 and hOGG1(D268N) mutant

  hOGG1                                Residue 268     ΔG^\#^
  ------------------------------------ --------------- ----------
  Calculation: oxoG excision                           
  WT                                   CO~2~^−^(Asp)   16.1
  WT                                   CO~2~H(Asp)     26.9
  D268N                                CONH~2~(Asn)    28.7
  Calculation: lys249--ribose adduct                   
  WT                                   CO~2~^−^(Asp)   16.2
  Calculation: schiff base                             
  WT                                   CO~2~^−^(Asp)   17.7
  Experiment                                           
  WT                                   Asp             19.6 ^1^
  WT                                   Asp             17.1 ^2^
  D268N                                Asn             N.D. ^3^

^1^Ref. ([@B64]).

^2^Refs. ([@B45],[@B68],[@B69]).

^3^Not determined ([@B32]).

The BER enzymes can accelerate excision of damaged base in several ways ([@B2]--[@B5]) assuring thus ultimate biological role of the oxoG repair in cell, which was reviewed very recently ([@B65]). One particular way was illustrated for the oxoG excision with hOGG1 (Figure [7](#F7){ref-type="fig"}). The activation of the oxoG nucleoside within the catalytic core during breakage of the N-glycosidic bond simultaneously involved Lys249 and Asp268 for stabilization of the oxoG base anion and ribose oxocarbenium, respectively. NH~3~^+^(Lys249) epitomized 'reaction fuel' in the form of a proton that was captured by lone pair electrons at the glycosidic nitrogen and transferred to the N9(oxoG) atom in the course of base excision. CO~2~^−^(Asp268) epitomized 'reaction accelerator' by mimicking a virtual bond at C1΄(ribose) during rupture of the N-glycosidic bond. Essential structural feature of the base-excision reaction was the pyramidal state of glycosidic nitrogen of oxoG substrate. The N9-pyramidalization was induced by residues of the catalytic site, particularly by the Lys249. The attack of lone pair electrons at N9(oxoG) to the proton of NH~3~^+^(Lys249) shifts electronic state of the pyramidal glycosidic nitrogen from sp^2^-like toward sp^3^-like, which triggers the substitution of N9-C1΄ bond with an N9-H bond ([@B46],[@B63]). The N9-pyramidalization of oxoG within hOGG1 catalytic core was induced likewise the N9-pyramidalization of G within the DNA G-quadruplex; i.e. by the molecular surroundings ([@B66]). The pyramidal geometry of glycosidic nitrogen was actually observed in the crystal structures of DNA and RNA molecules obtained at ultra-high resolution ([@B67]). Specific structural deformation of the damaged nucleobase operated by hOGG1 thus facilitated greatly the base-excision reaction, which initiated repair of the damaged DNA.

![Summary for the base-excision reaction with hOGG1: compatibility of the charged residues within catalytic core was essential for the catalytic reaction, which was monitored for WT hOGG1 and hOGG1(D268N) mutant with NMR measurements, and loss of the base-excision function for the mutant was rationalized with the QM/MM-calculated ΔG^\#^ and ΔG~r~ energies.](gkx157fig7){#F7}

Lys249 and Asp268 are known to be indispensable for maintaining function of hOGG1. The significance of Asp268, which is a well-conserved residue within the OGG family of BER enzymes, was not clear ([@B4]). The particular effect of D268N mutation on the excision of the oxoG base was demonstrated experimentally (Figure [5](#F5){ref-type="fig"}) and rationalized theoretically (Figure [6](#F6){ref-type="fig"}); Asp268 is indispensable for maintaining the base-excision function of hOGG1. NMR monitoring of oxoG excision with WT hOGG1 and hOGG1(D268N) illustrated that the loss of the base-excision function when Asp268 was mutated to Asn occurred due to inadequate stabilization of ribose oxocarbenium. The QM/MM calculations illuminated that both the D268N mutation and the CO~2~H(Asp268) form of Asp268 resulted in a notable increase in the activation barrier for oxoG excision (Table [1](#tbl1){ref-type="table"}). The alternative Ribose-protonated mechanism that could employ CO~2~H(Asp268) for opening of the ribose ring prior to oxoG excision is not likely to be not occurring ([Supporting Theoretical Section](#sup1){ref-type="supplementary-material"}). Moreover, the typical pKa value known for side-chain Asp indicates the CO~2~^−^(Asp268) form ([@B47]). Although the actual form of Asp268 in catalytically active hOGG1 is still not known, the σ-bond substitution reaction (TS1, Figure [3](#F3){ref-type="fig"}) can be currently regarded as a plausible base-excision reaction with hOGG1.

CONCLUSIONS {#SEC5}
===========

The glycosylase reaction carried out by the hOGG1 BER enzyme was studied with QM/MM calculations and NMR spectroscopy measurements of the catalytic function for WT hOGG1 and the hOGG1(D268N) mutant.

The excision of the oxoG base occurred via the NH~3~^+^(Lys249) and CO~2~^−^(Asp268) residues in a concerted manner that was complementary to the developing charges on the oxoG base and ribose during rupture of the N-glycosidic bond. Lys249 acts on the oxoG base as a proton-donating residue, whereas Asp268 acts on ribose as a charge-compensating residue. The Gibbs free activation energies calculated for the glycosylase reaction, including the excision of oxoG base and formation of the Lys249--ribose covalent adduct and Schiff base, were all smaller than 17.7 kcal/mol. The rate-limiting step of the glycosylase reaction was formation of the Schiff base by opening of the ribose ring within the Lys249--ribose covalent adduct. The breakdown of the base-excision function with the hOGG1(D268N) mutant was demonstrated with ^1^H and ^1^H-^15^N HSQC NMR spectroscopy measurements and rationalized with QM/MM calculations. The compensation of developing charges on the ribose oxocarbenium with the Asp268 carboxyl during oxoG excision was imperative to preserve the base-excision function of the hOGG1 BER enzyme.
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